Two mutants (NT02 and NT17), each producing a thermosensitive neutral protease, were isolated from Bacillus subtilis NP58, a transformant which acquired the property of hyperproduction of neutral protease from Bacillus natto IAM 1212. The neutral proteases produced by these two mutants were partially purified and enzymologically characterized. The two mutant neutral proteases displayed increased thermosensitivity as well as altered pH optima compared with those of the NP58 enzyme. In addition, the hydrolytic activity of the thermosensitive neutral proteases on synthetic peptide substrates was found to be extremely different. These results strongly suggest that the site of mutation in each of the temperature-sensitive strains is located within the structural gene for neutral protease (nprE). Previous studies indicated the existence of a specific regulator gene (nprR) in addition to the structural gene for neutral protease. Phage PBS1-mediated transduction and deoxyribonucleic acid-mediated transformation studies with the parental and mutant strains suggest that the chromosomal order of these genes is recA-pyrA-nprR-nprE-fruB-metC. Moreover, the results of these genetic analyses imply that the mutations to thermosensitivity are located proximate to each other within the nprE gene.
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Bacillus subtilis Marburg strains produce at least two kinds of extracellular proteolytic enzymes: neutral protease (metalloprotease) and alkaline protease (serine protease) (16, 19) . Alkaline and neutral proteases produced by related strains of bacilli have been crystallized and studied in detail (12, 15, 18, 23, 24) . The two enzymes differ in their physicochemical and enzymological properties as well as in their physiological roles. The appearance of the former activity is related to spore formation, whereas the role of the latter is still unclear (3, 16, 17, 19) .
In the previous paper (25) , the presence of a specific regulator gene for the production of extracellular neutral protease was inferred from the DNA-mediated transformation of B. subtilis 6160 (a derivative of B. subtilis 168) with DNA from B. natto IAM 1212. In these studies several transformants (including B. subtilis NP58) which acquired the trait of hyperproductivity of neutral protease were isolated. The production of this enzyme has also been shown to be regulated by several genes: hpr (7), catA (10), sco (4), pap-9 (2, 28, 29) , amyB (21) , and sacU (11) . pap-9, amyB, and sacU are identical with respect to their genetic location and their pleio- tropic effects: hyperproduction of extracellular enzymes such as a-amylase, neutral protease, alkaline protease, and levansucrase, as well as the absence of flagellation and motility (22) .
In this paper, we describe the isolation of two mutants derived from B. subtilis NP58 producing temperature-sensitive extracellular neutral protease. The neutral proteases produced by these mutants were partially purified and enzymologically characterized. Finally, transformation and transduction analyses of these mutants permitted the chromosomal localization of both the regulatory and structural genes for neutral protease.
MATERIALS AND METHODS
Bacterial strains and bacteriophage. The strains of B. subtilis used are listed in Table 1 In contrast, the parental strain NP58 showed large halos at both 37 and 480C. The mutation in all protease-negative mutants appeared to be specific for protease since the a-amylase activity in each of these was not significantly decreased.
Partial purification of thermosensitive and parental neutral proteases. Parental strain NP58 was cultured in BYL medium (BY medium containing 0.05% soybean lecithin [wt/ vol]) at 300C for 25 h and neutral protease (NPro-58) contained in the culture fluid was purified by 85% ammonium sulfate precipitation, DEAE-Sephadex A25, and DEAE-Sephadex A50 column chromatography (Table 2 ). In contrast, thermosensitive neutral proteases (tsNPro-02 and ts-NPro-17) produced by NT02 and NT17 were partially purified from extracts of BY medium soft agar on which cells had been cultured at 300C for 25 h. When NT02 and NT17 were cultured in liquid BYL medium at 300C for 25 h, almost no neutral protease activity was detected in the culture fluid. The production of alkaline protease and growth of the two strains in the liquid culture were almost equal to those of the parental strain NP58. After cells had been grown on the surface of three BY medium soft agar plates (31 by 31 cm containing 400 rml of soft agar), the cells were removed and the proteases secreted into the agar were extracted in 1.5 liters of 50 mM Tris-hydrochloride buffer, pH 7.5, containing 10 mM calcium acetate. The c-, Not determined.
d The chromatographic conditions were the same as described previously (25) .
extracted proteases were precipitated by ammonium sulfate (85% of saturation) at pH 7.5. tsNPro-17 was further fractionated by DEAESephadex A25 and DEAE-Sephadex A50 column chromatographies (Table 2) . In this way, NPro-58 and ts-NPro-17 were purified about 300-and 340-fold, respectively, and were free of alkaline protease and esterase activities as reported previously (25) . The peak fractions of neutral protease activity of DEAE-Sephadex A50 were pooled, concentrated, and used in this partially purified form in the further experiments. Since ts-NPro-02 was inactivated during DEAE-Sephadex A25 column chromatography or gel filtration on a Sephadex G75 column at 50C, the precipitate from an 85% saturated solution of ammonium sulfate was dissolved, dialyzed against 10 mM Tris-hydrochloride buffer (pH 7.5) containing 2 mM calcium acetate and 0.5 mM phenylmethanesulfonylfluoride to inactivate alkaline protease and esterase activities (13) , and used directly in this form. Thermosensitivity of the neutral protease preparations. The thermosensitivity of NPro-58, ts-NPro-02, and ts-NPro-17 was compared at 500C. The preparations were incubated at 500C for appropriate periods of time and chilled in ice water, and the remaining protease activity was deterrmined at 300C (Fig. 1) . Eighty percent of the protease activity in NPro-58 was retained even after 20 min of incubation at 500C.
In contrast, 5 min of incubation at this temperature resulted in almost complete inactivation of ts-NPro-02 and -17. These results strongly suggest that the mutational sites in NT02 and NT17 are located in the structural gene for neutral protease.
Molecular weights. An estimation of the molecular weights of ts-NPro-17 and NPro-58 was obtained by gel filtration on a Sephadex G75 column (1.5 by 85 cm) equilibrated with 10 mM Tris-hydrochloride buffer, pH 7.5, containing 2 mM calcium acetate. The molecular weights of both were estimated to be about 27,000 (data not shown). The molecular weight of ts-NPro-02 could not be estimnated because protease activity of the preparation was inactivated during the gel filtration.
Effect of EDTA. Neutral proteases produced by bacilli are known to be metalloenzymes containing Zn2+, and this metal has been shown to be intimnately related to the enzyme activity (15) .
It was therefore conceivable that the thermnosensitivity of the neutral proteases would be dependent on the binding of Zn2+ to enzyme proteins. For this reason, the possible effect of in the three preparations were equally inactivated by the presence of 0.5 mM EDTA.
Shift of pH optima in casein hydrolytic activity. The pH optima of casein hydrolytic activity of NPro-58, ts-NPro-02, and ts-NPro-17 were measured over the pH range of 6.0 to pH 9.0 (Fig. 3) . NPro-58 was most active at pH 7.0 to 7.5 in each of the three buffers. In contrast, the pH optima of the ts-NPro's appear to be somewhat more acidic. Thus, as indicated by arrows, both the ts-NPro-02 and -17 showed maximal activity at pH 6.5 to 7.0. About 90% of the activity in the ts-NPro's were observed in Veronal buffer at pH 6.0, whereas only 40% of the activity was observed in NPro-58 under the same conditions. On the other hand, at alkaline pH ts-NPro's were less active than NPro-58.
Alteration in substrate specificity. To determine whether changes in thermosensitivity were also reflected in their catalytic properties, synthetic peptides were subjected to hydrolysis by ts-NPro-02, ts-NPro-17, and NPro-58, and the resultant hydrolysates were analyzed by thin-layer chromatography (Table 3) . Under the reaction conditions employed in these studies, NPro-58 was found to hydrolyze the following peptides in high yield at the bonds indicated by 4 4Ĩ Z-Gly-L-LeuIL-Tyr seemed to be in the structural gene for neutral protease (nprE) as described above, this suggested that nprE and nprR were located close to one another on the chromosome.
The location of the regulator gene was determined by transduction. Lysates of PBS1 were made from NP58, a hyperproducer of neutral protease, and used to transduce 12 strains bearing various genetic markers (strains not shown). The high productivity of neutral protease (the genetic marker was defined as nprR2) was cotransducible only with pyrA at a frequency of 32%, cysC at a frequency of 36%, and metC at a frequency of 21% but not with argC4, lys-1, aroD, leuA8, pheA, argA, narBI, purA16, and ilv.
From precise transduction experiments with the strains listed in Table 1 , the gene order was inferred to be recA-pyrA-cysC-nprR-fruB-metC (Fig. 4) . Hoch and Anagnostopoulos (8) and Gay et al. (5) have reported similar values for the frequencies of cotransduction of pyrA and recA and fruB and metC, respectively. Confirmation that the production of neutral protease in transductants which had acquired nprR2 was increased in the absence of a simultaneous elevation of alkaline protease levels was obtained by experiments involving specific inhibitors of these enzymes. Thus, almost all casein hydrolytic activity produced by those transductants was both inhibited by the presence of 5 mM EDTA and neutralized by rabbit antiserum against neutral protease-YY154 (25), but was not inhibited in the presence of 1 mM diisopropylfluorophosphate, a potent inhibitor of alkaline protease.
Mapping of neutral protease structural gene (nprE). Since nprR and fruB were highly cotransducible in the PBS1-mediated transduction and weakly cotransformable in the DNAmediated transformation, DNA from NT17 was transferred into PG599 and the FruB+ phenotype was used for the primary selection (Table   4 ). Four different phenotypes resulting from four combinations of regulator genes nprRl and nprR2 and structural genes nprE+ and nprE17 were observed. Comparable results were also obtained when the Met' phenotype was used for the primary selection in the same cross. Almost the same results were obtained in crosses of NT02 and PG599 (data not shown). From the results in Table 4 the gene order was inferred to be nprR-nprE-fruB (Fig. 5) , and the distances from nprR to nprl 7 and from nprR to nprEO2 were calculated to be 12 and 11, respectively. Thus, the two thermosensitive neutral proteases would appear to be the result of mutations which occurred at very close positions in nprE.
DISCUSSION
Two mutants producing thermosensitive neutral protease were isolated from NP58. Proof that the thermosensitive character of each was a result of mutation in the structural gene for neutral protease (nprE) rests on the fact that partially purified protease was itself thermosensitive in nature (Fig. 1) and that the mutational sites mapped outside the regulator gene (nprR) as shown in Table 4 .
As we reported previously concerning the nature of thermosensitive a-amylases (27) , the two thermosensitive neutral proteases carried alter- ations in their substrate specificity and in their pH optima, in addition to the alteration in thermosensitivity. It is noteworthy that the mutation in nprE resulted in a modification of substrate specificity. Of the three synthetic peptides I hydrolyzed by the parental NP58, only Z-Gly-LLeu-L-Tyr proved to be a suitable substrate for NPro-17. The activity by ts-NPro-02 was even more drastically altered. Three synthetic peptides, Gly-L-Leu-L-Tyr, Z-Gly-L-Leu-L-Tyr, and Z-L-Tyr-L-Leu, which were not cleaved by NPro-58 were hydrolyzed well by the thermosensitive enzyme. In addition Z-Gly-L-Tyr was the only one of the three peptides hydrolyzed by NPro-58 which could also be cleaved by tsNPro-02. Although ts-NPro-02 was not separated from alkaline protease and esterase activity by column chromatography, these enzyme activities were completely inactivated by the treatment with 0.5 mM phenylmethanesulfonylfluoride. Furthermore, the synthetic peptides tested were not hydrolyzed by alkaline proteases produced by the parental strains of NP58, B. subtilis 6160 and B. natto IAM 1212 (unpublished data; 25). However it is possible that there are other peptidases or proteases present in the preparation of ts-NPro-02 which are not inhibited by phenylmethanesulfonylfluoride and which are capable of cleaving bonds other than those recognized by NPro-58: These enzymological and genetic studies suggest that the sites of mutation in ts-NPro-02 and -17 are located at distinct but closely spaced locations in nprE.
In the previous paper (25), we indicated that a specific genetic factor(s) participated in the production of neutral protease, in addition to the structural gene for the enzyme (nprE). By analogy to the regulator (amyR) of the production of extracellular a-amylase in B. subtilis (26) the specific regulator gene (nprR) was thought to occur in two genotypes, nprRl and nprR2. The genotype which results in a high production of neutral protease, nprR2, was originally found in B. natto IAM 1212 and was transferred into B. subtilis 6160 bearing nprRl by the DNAmediated transformation. Organisms which acquired nprR2 produced 20 to 50 times more neutral protease than the strains carrying nprRl, whereas the productivities of alkaline protease and esterase were not affected by this gene. These results were interpreted to mean that the production of neutral protease was not directly related to the production of alkaline protease.
From the results of transduction and transformation experiments, it was shown that nprR was closely linked to nprE and that the two genes were located near the fruB locus. These results indicate the nprE locus is quite different from sep, the structural gene of alkaline protease (14) .
Moreover, these studies have demonstrated that nprR was different from the reported regulator genes, npr (9),pap, amyB, sacUL (22) , catA (10) , and sco (4) Fig. 4 is suitable for our results but further precise experiments are necessary to establish those map positions.
It seems quite important to explore in the future the reason why the production of neutral protease is regulated not only by a specific regulator gene, nprR, but also by so many regulator genes in common with alkaline protease. These regulatory systems of the production of neutral protease may reflect some differences in the physiological role of this enzyme from that of alkaline protease. The involvement of neutral protease in sporulation, autolysis, and turnover of intracellular proteins, as well as the relationships between the extracellular neutral protease and intracellular proteases, is now under investigation.
